The study explored droughts using the Standardized Precipitation Index (SPI) in the northwestern region of Bangladesh, which is the drought prone area. In order to assess the trend and variability of monthly rainfall, as well as 3-month scale SPI, non-parametric Mann-Kendall (MK) tests and continuous wavelet transform were used respectively. The effect of climatic parameters on the drought in this region was also evaluated using SPI, with the Southern Oscilation Index (SOI) by means of the wavelet coherence technique, a relatively new and powerful tool for describing processes. The MK test showed no statistically significant monthly rainfall trends in the selected stations, whereas the seasonal MK test showed a declining rainfall trend in Bogra, Ishurdi, Rangpur and Sayedpur stations respectively. Sen's slope of six stations also provided a decreasing rainfall trend. The trend of the SPI, as well as Sen's slope indicated an increasing dryness trend in this area. Dominant periodicity of 3-month scale SPI at 8 to 16 months, 16 to 32 months, and 32 to 64 months were observed in the study area. The outcomes from this study contribute to hydrologists to establish strategies, priorities and proper use of water resources.
Introduction
Drought is a hazard that affects the most people among all natural disasters, and yet it is the least understood and most complicated [1] . In Bangladesh, it is the most serious issue because of geographical location, high population density, high levels of poverty, and the reliance of many livelihoods on climate sensitive sectors, such as agriculture and fisheries [2] . It is a gradually developing occurrence that indirectly affects many lives. Continuous period of dry weather along with abnormal insufficient rainfall are the main cause of drought. It also occurs when evaporation and transpiration exceed the amount of rainfall for a reasonable period.
Rainfall is the primary factor governing the development and persistence of the drought phenomenon [55] . Therefore, the assessment of patterns and trends of rainfall was conducted in this study. Trend analysis was carried out using a non-parametric MK test. It is a widely used test [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] for its suitability for non-normally distributed data and censored data. The continuous wavelet transform is an important tool to study variations of variables like rainfall [13] [14] [15] [16] [17] [18] [19] [20] . Trend and variation analysis of rainfall by adopting MK test and wavelet power spectrum respectively, are rare studies in Bangladesh, though some other methods were applied for this analysis.
McKee et al. [21] developed the SPI in order to observe and describe drought. The probability of rainfall within a specific time period is measured, and then transformed into an index table, on which the SPI is based. Several countries, including Turkey, Argentina, Canada, Spain, Korea, Hungary, China and India, have used this instrument in order to monitor droughts in real-time and analyze the conditions that led to the drought [22] [23] [24] [25] [26] [27] [28] . Keka et al. [56] analyzed the drought in the eastern part of Bangladesh. Yearly drought analysis was performed by three climatic indices. The climatic indices are De Mortone Aridity Index (IdM), Seleaninov Hydrothermic Index (IhS), and Donciu Climate Index (IcD). Jahangir et al. [57] used SPI to evaluate the precipitation deficit, and Markov chain model was used to quantify the drought in agricultural extent.
SPI results from transforming normal quantile into the fitted parametric distribution of the original value. SPI is used to assign a single numeric value to the rainfall that can be compared across a region's noticeably different climates. Utilization of the index helps to determine the infrequency of a current drought because of the SPI standardization. SPI can be used to perform quantitative analysis concerning changes in precipitation when compared to overall climatic means. For example, summer precipitation dominates annual precipitation, thereby, overriding the effects of small precipitation variability throughout the year, may inhibit drought in the shortterm, but has very little long-term effect. Furthermore, SPI can identify types of drought by using different time scales [21, 29] . The SPI could be calculated for a 3-month, 6-month, 12-month period, etc. According to Mishra and Desai [31] , 2-3 months period of SPI may indicate agricultural drought best. It also reflects short-term moisture conditions of soil. In Bangladesh, drought is defined as the period when the moisture content of soil is less than the required amount for crop growth during the normal crop-growing season. Moreover, the economy of Bangladesh largely depends on agriculture. Therefore, 3-month scale SPI was used to conduct this study.
When exploring the cause of droughts, a climatic index may be provided by a coupled atmosphere-ocean system, which may be used to control precipitation. For example, the El Nin �o-Southern Oscillation (ENSO) phenomenon, which took place in the tropical Pacific, impacted areas beyond the tropical regions with hydro-meteorological disasters like floods and droughts [30] . The other factors affect drought are sea surface temperature, deforestation, over exploitation of resources, rising level of Co 2 and green house gases etc. [58] .
The present study aimed to analyze the trend and pattern of rainfall to see the transient variations, as well as investigate the drought phenomena using the SPI in northwestern Bangladesh. It also focused on the analysis of SPI using wavelet transform. Linkage was sought between the SPI and the climate indices, like SOI, by means of wavelet coherence.
Materials and Methods
The study area is northwestern part of Bangladesh, which is a hard-hit region among droughtprone areas in Bangladesh [62] . Monthly rainfall data, collected by the Bangladesh Meteorological Department (BMD), was used in the study. The required SOI data set was collected from the National Oceanic and Atmospheric Administration (NOAA). Details of the rainfall stations and data length are given in Table I . The locations of the stations are shown in Figure 1 . Statistical trend analysis and wavelet analysis was carried out using the MINITAB and MATLAB respectively. 
Calculation of SPI
In order to calculate the SPI in a specific location, the precipitation record for a long-term period of time is collected, and this data is fitted to a probability distribution and then converted into a normal distribution. Estimating the SPI involves describing frequency distribution of precipitation using a gamma probability density function:
where, x is precipitation amount (x >0), α (α>0) & β (β>0) are continuous shape parameter. In Eq.1, Γ(α) is the gamma function. The parameters α and β can be estimated using the maximum likelihood method as [32] : where, n is number of precipitation observations and x is average precipitation amount.
The estimated parameters will be used to derive the cumulative probability of observed precipitation values for the given month and time scale (e.g. 3 months) over each pixel
If, t = x/β then equation 5 becomes the incomplete gamma function:
It is possible to have several zero values in a sample set. In order to account for the zero value, probability, since the gamma distribution is undefined for x = 0, the cumulative probability function for gamma distribution is modified as:
Where, q and (1-q) denote the probabilities of zero and nonzero precipitations, respectively. The SPI is then derived from the cumulative probability. Here,
where, C 0 , C 1 , C 2 , d 1 , d 2 and d 3 are constant value.
Hence, the SPI represents a Z-score variable. At a given time, the SPI may be computed for different time scales, say one month or longer, by computing the cumulative probability at a given location for the time scale selected. Usually, 3, 6, 9, 12 and 24-month time scales are considered to give information about drought and its impacts on different segments of the hydrological cycle in the area. SPI timescale intervals shorter than 1-month and longer than 24-months may be unreliable [33] . Classification based on SPI values is shown in Table 2 [34]. 
Mann-Kendall
The original MK test [35] [36] assumed that the time series had no seasonal pattern. Later on, Hirsch et al. [37] developed an extension of the MK test to allow for seasonal variations as they are existent in most hydro-meteorological time series. The hypothesis of the MK trend test is:
(Null Hypothesis): Time series values are independent and identically distributed, i.e. there is no trend.
(Alternative Hypothesis): There is a monotonic (not necessarily linear) trend.
In this two-tailed test, the differences between two different time scales of measured data are analyzed using the MK trend test. Earlier-measured data values are compared to later-measured data values, and where n is the total number of observations, the result is n(n-1)/2 possible pairs of data. The test statistic S is given as follows:
where, X j and X are the annual values for years j and i, respectively, and j>i.
Thus, a large positive value of S indicates a strong positive (increasing) trend while a large negative value of S implies a negative (decreasing) trend. The non-parametric assumption of MK test for a time series with a large number of values, is documented to allow the use of a regular Ztest to determine whether or not a trend is significant [38] :
Where, n is sample size; q is number of tied groups in the data set and t j is number of data points in the j th tied group.
Z follows standard normal distribution with mean zero and variance unity.
Seasonal Mann-Kendall Test
The seasonal MK trend test avoids the shortcomings of the regular MK test in the presence of seasonal data. Hirsch et al. [37] Here, S′ is the sum of Kendall's S, computed as discussed in the previous section for each season g.
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Sen's Slope
The Sen's Slope method [39] is used to estimate the extent of the trend by calculating the slope as a change in measurement over time. It was used in this study because it can be considered as a method that provides strong estimation of the trend [40] .
where, Q′ is slope between data points x t′ and x t ; x t′ is data measurement at time t ′ and x t is data measurement at time t. Sen's estimator of slope is simply given by,
Where, N is the number of calculated slopes. Throughout this study, a significance-level of 0.05 is used for analysis indicating 95% confidence.
Southern Oscillation Index (SOI)
The SOI is an index that is based on the difference in air pressure between Darwin and Tahiti.
The SOI is closely related to the El Nin �o and La Nin � a climate phenomenon. A consistently negative SOI often indicates the presence of an El Nin �o. However, a consistently positive SOI often indicates the presence of a La Nin �a. The study of the EI Nino-Southern Oscillation (ENSO)
phenomenon is critical because hydro-meteorological disasters, like floods and droughts, can occur beyond the tropical region as a result of its presence in the tropical Pacific [30] . The SOI is usually computed on a monthly basis with values over longer periods, such a year, being sometimes used. It is calculated as follows:
Where, P diff is the difference between sea level pressure [(average Tahiti mean sea level pressure for the month) -(average Darwin mean sea level pressure for the month)], P diffav is long term average of Pdiff for the month in question, and SD(P diff ) is long term standard deviation of P diff for the month in question.
The El Nin �o phenomenon is associated with higher SSTs in the central and eastern tropical Pacific Ocean and less strong Pacific Trade winds. The El Ni n � o phenomenon generally corresponds to a decrease in rainfall. The La Nin �a phenomenon is the reciprocal to the El Nin �o phenomenon and brings above normal rainfall.
Wavelet Analysis
The time domain and the frequency domain make up a time series, which is analyzed by the wavelet transform, when it contains many different frequencies of non-stationary power [41] .
Simultaneously converting a one-dimensional time series into a diffused two-dimensional timefrequency image allows for a signal analysis of a localized time and frequency, which is maintained by the wavelet analysis. Using wavelet transforms to analyze time series is a rather modern process. Wavelet transforms can be used to describe processes that occur over finite, spatial, and temporal domains, as well as multiscale and nonstationary processes [42] , similar to the Fourier transform (STFT). In the traditional Fourier transform (FT), a signal is split into a series of sine waves of different frequencies. However, the signal is split into wavelets, which are transformed from the original wavelet, when using the wavelet transform. Further, the signal is provided in a time scale presentation in the wavelet analysis, but only the spectral components within a signal are identified using the Fourier spectral analysis. Variances of time and amplitudes compared to frequency can be shown by changing the wavelet time scale and converting the versions of the wavelet to a graph, using the wavelet analysis [19] . Therefore, wavelet analysis is an appropriate, strong, and useful tool for identifying trends, shifts, breakdown points and discontinuities [13, 18] and analyzing the statistical properties of these time series.
Recently CWT has been used for analyzing climate variability and the temporal variability of rainfall and runoff [13, 18, 19, [42] [43] [44] [45] [46] [47] [48] . Mathematically CWT can be expressed as follows [49] :
Where C is the wavelet coefficient, a and b are scale and position functions respectively, s(t)
is the signal (SPI and SOI in this study) and Ψ is the wavelet function. The wavelet coefficients (C) are the result of the CWT of signal s(t). The Morlet wavelet has been used in this study.
Wavelet Coherence
Time and frequency can by analyzed simultaneously when comparing the strength of the relationship between two time series, as identified by the wavelet coherence analysis. Variances over time, when two time series are significantly coherent, can be identified and analyzed.
Following Torrence and Webster [50] the wavelet coherence of two time series x and y is:
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Where Cx(a,b) and Cy(a,b) denote the continuous wavelet transforms of x and y at scales a and positions b. The superscript * is the complex conjugate and S is a smoothing operator in time and scale.
Results and Discussion
Wavelet analysis was chosen to identify the hidden periodicity of rainfall because the standard Fourier transform analysis will be applied, if it has stationarity and the aggregate of variable periodic components for the entire interval. Both requirements must be fulfilled, and most time series in hydrology and meteorology do not meet the conditions. However, rainfall patterns at varying timescales and periods can possible identified using wavelet transform. situations. There is no strong wavelet power spectrum among other periods. However, transient rainfall variation was noticed in the normalized monthly rainfall time series. To see the trend of rainfall, the MK test was conducted. In the present study, we used the pre-whitening approach for removing autocorrelation effects. Then the MK test was applied to the blended series to assess the significance of the trend.
MK Statistics and the corresponding p-value at 5% significance level of monthly rainfall between 1983 and 2012 are shown in Table 3 . Table 3 indicates the p-value is higher than the significance level (0.05). So the null hypothesis was accepted. It should be noted that if null hypothesis is accepted, in some cases, that doesn't mean that it was proven that there is no trend;
rather, it is a statement that the evidence available is not sufficient to conclude that there is not a trend [51] .
The results of seasonal MK test for monthly rainfall between 1983 and 2012 are shown in respectively. According to the historical data, the most devastating drought episodes occurred in 1994 throughout the country [52] . This drought was clearly identified by the SPI in Dinajpur, Ishurdi, Rangpur and Sayedpur respectively. The flood event of 1998 [53] was detected by SPI in Bogra and Sayedpur, too. It was observed that Dinajpur, Ishurdi and Sayedpur were more drought prone area in the study region.
MK statistics and their corresponding p-value at 5% significance level for 3-month scale SPI between 1983 and 2012 are shown in Table 5 . The results of seasonal MK test for 3-month scale SPI between 1983 and 2012, which accounted seasonal time series (i.e., 12-months) are provided in Table 6 . The trend test result showed that among the six stations, only Bogra and Rangpur showed the presence of a statistically significant decreasing trend in the three situations. In order to observe the variability of SPI along the study region, continuous wavelet power spectrum (WPS) was evaluated. In addition to this, continuous wavelet transform was conducted to identify the relative power of SPI in different period scales. It was conducted using Morlet wavelet transforms. SOI represents coupled atmosphere-ocean phenomena having huge impacts on hydroclimatology around the globe [54] . Therefore, the relationship between the SOI and 3-month scale SPI was evaluated by wavelet coherence. Wavelet coherency is useful to quantify the degree of relationship between two non-stationary series in the time frequency domain. If the phase arrows point rightward, the time series are in-phase and if left, the series are in anti-phase. [59] . So, this study suggests that a drought event could be influenced by SOI and it has importance for agriculture, as extreme dry and wet events occurred in this region several times. 
Conclusions
This study assessed rainfall pattern using MK test and wavelet power spectrum. Drought occurrence and its trend were analyzed by means of SPI and MK statistics respectively. It also evaluated the significant variability of 3-month scale SPI by wavelet power spectrum. Moreover, the relationship between SOI and SPI studied in the northwestern Bangladesh using wavelet coherence technique. A decreasing trend of monthly rainfall was found from the seasonal MK test in Bogra, Ishurdi Rangpur and Sayedpur stations respectively. Sen's slope of six stations (-0.014 ,-0.001,-0.003,-0.004,-0.009 and -0.008 at Bogra, Dinajpur, Ishurdi, Rajshahi, Rangpur and Sayedpur respectively) showed also a declining pattern of monthly rainfall. Trend of SPI showed increasing dryness in this region. This might be the effect of rainfall variations. Dominant periodicity of 3-month scale SPI at 8 to 16 months, 16 to 32 months and 32 to 64 months were found in the selected stations. Although the coherency at selected stations were not significant for the entire study period, it was found that SOI influenced 3-month scale SPI at short time span.
In this work, we tried to relate drought to climatic parameters. However, droughts do not development singly from climactic phenomenon. Droughts are influenced by local geography, orography, soil parameter and vegetation, and these factors affect its development and localized severity. Therefore, understanding, predicting, and alleviating drought conditions should be the result of collecting the entirety of regional environmental information.
